The contributions of donor kidney quality (partially determined by donor age), allograft rejection, and calcineurin inhibitor nephrotoxicity on the progression of histologic damage of renal allografts are not completely defined. Moreover, the determinants of individual susceptibility to calcineurin inhibitor nephrotoxicity are not known but may include variability in drug transport and metabolism. In a prospective cohort of 252 adult renal allograft recipients treated with a combination of tacrolimus, mycophenolate mofetil, and corticosteroids, we studied 744 renal allograft biopsies obtained regularly from time of transplantation for 3 yr. We assessed determinants of histologic evolution, including tacrolimus exposure, renal P-glycoprotein (ABCB1) expression, and polymorphisms in the CYP3A4, CYP3A5, and ABCB1 genes. Within the first 3 yr after transplantation, we noted a progressive increase in interstitial fibrosis, tubular atrophy, glomerulosclerosis, and vascular intimal thickening. Older donor age, absence of P-glycoprotein expression at the apical membrane of tubular epithelial cells, and combined donor-recipient homozygosity for the C3435T variant in ABCB1 significantly associated with increased susceptibility to chronic allograft damage independent of graft quality at implantation. Changes in graft function over time reflected these associations with donor age and ABCB1 polymorphisms, but it was acute T cell-mediated and antibody-mediated rejection that determined early graft survival. In conclusion, the effects of older donor age reach beyond the quality of the allograft at implantation and continue to be important for histologic evolution in the posttransplantation period. In addition, ABCB1 genotype and expression of P-glycoprotein in renal tubular epithelial cells determine susceptibility to chronic tubulointerstitial damage of transplanted kidneys.
Progressive renal allograft dysfunction resulting from cumulative histologic damage to the allograft is the major cause of late renal allograft loss after recipient death with a functioning graft. 1, 2 The evolution of renal allograft histology therefore can be regarded as a valuable surrogate marker for long-term graft outcome. 3 This evolution has been described in detail by Nankivell et al. using renal allograft biopsies obtained at preset time points after transplantation in kidneys of pristine quality at implantation. 4 In this study, the kidneys were recovered from a selected group of relatively young donors, and the majority of recipients (kidney-pancreas transplants in all but 1) were treated with a combination of the older formulation of cyclosporine in combination with azathioprine and corticosteroids. 4 However, with the increasing use of kidneys from older or extended criteria donors for transplantation, poor graft quality at implantation emerges as an important determinant of longterm outcome. 5, 6 Therefore, the experience of Nankivell et al. may no longer be representative for current clinical practice. In addition, immunosuppressive drug combinations have improved over the past few decades, 7, 8 and this has an impact on both histologic and functional evolution of allografts. 9 -11 On one hand, although the newer immunosuppressive protocols have reduced the incidence of acute cellular rejection, rejection phenomena continue to play a major role in this histologic evolution. On the other hand, immunosuppressive drugs can elicit direct (e.g., nephrotoxicity of calcineurin inhibitors) and indirect (diabetes mellitus, hyperlipidemia, and hypertension) side effects, which also contribute to renal allograft injury. 12, 13 The complementary impact of these phenomena (donor kidney quality, allograft rejection, and calcineurin inhibitor nephrotoxicity) on the progression of histologic allograft damage has not been studied in patients treated with the current powerful immunosuppressive protocols nor within the wide range of donor graft quality. Moreover, the determinants of individual susceptibility to calcineurin inhibitor nephrotoxicity are not well known. Previous animal and human studies have suggested a role of decreased P-glycoprotein (ABCB1 or MDR1, the multidrug efflux transporter involved in tacrolimus transport 14 ) expression [15] [16] [17] or activity 18 and genetic polymorphisms in ABCB1 19, 20 in the development of calcineurin inhibitor nephrotoxicity.
The current study was undertaken to assess the determinants of the histologic evolution of renal allografts in the first years after transplantation in 252 patients treated with a combination of tacrolimus, mycophenolate mofetil, and corticosteroids against a background of varying degrees of pre-existing histologic damage in the donor kidney at implantation. 8, 11 In addition, the determinants of individual susceptibility to calcineurin inhibitor nephrotoxicity were evaluated, including extensive tacrolimus exposure data, P-glycoprotein expression, and polymorphisms in ABCB1, CYP3A4, and CYP3A5 of both donor and recipients. Finally, this study examined the features that predict lower MDRD glomerular filtration rate during follow-up and assessed the main determinants of early graft survival.
RESULTS

Study Population Characteristics.
Patient and donor demographics and transplantation-related characteristics are summarized in Table S1 . The study group consisted of 252 consecutive adult renal allograft recipients who received a single kidney at the University Hospitals Leuven between 2004 and 2007 and were treated with an immunosuppressive regimen consisting of tacrolimus (Prograft, Astellas) in combination with mycophenolate mofetil (CellCept, Roche) and oral methylprednisolone (Medrol, Pfizer). Recipients were 54.5 Ϯ 13.9 yr of age, and 62.3% were male. Mean donor age was 46.7 Ϯ 15.1 yr, and 58.3% were male. Ninetythree percent of kidneys were obtained from deceased donors; stroke was the reason of death in 52.8%. Ninety-seven patients with higher immunologic risk (second or third transplantation, prior sensitization, young recipient age, black recipient race, and living donor kidneys) received induction therapy with IL-2 receptor blocking monoclonal antibodies (n ϭ 85) or anti-T cell immunoglobulins (n ϭ 12). All patients with clinical and subclinical Banff type I or II-III acute cellular rejection 21, 22 were treated with high doses of methylprednisolone in a tapering protocol. No treatment adjustments were made for the appearance or progression of chronic histologic lesions. Written informed consent was obtained from all patients, and the study was approved by the institutional review board and ethics committee.
The daily tacrolimus dose was adjusted to achieve target predose blood concentrations between 12 and 15 ng/ml in the first 3 mo after transplantation. From 3 to 12 mo, doses were adjusted to achieve predose concentrations of 9 to 12 ng/ml. Thereafter, a target range of 8 to 10 ng/ml was maintained. All tacrolimus predose trough (C 0 ) levels determined during follow-up were included in the analysis (n ϭ 14,125). In addition, at 3, 12, 24, and 36 mo after transplantation, tacrolimus pharmacokinetic profiles were obtained using abbreviated 4-h time concentration profiles. The evolution ("maturation") of tacrolimus pharmacokinetics is summarized in Table S2 .
DNA (extracted from whole blood samples) was available for analysis from 250 recipients and 239 donors. Single-nucleotide polymorphisms of ABCB1 (C3435T and G2677T/A), CYP3A4 (A-290G; CYP3A4*1 versus CYP3A4*1b), and CYP3A5 (G6986A; CYP3A5*1 versus CYP3A5*3) were determined for all 489 DNA samples. All single-nucleotide polymorphisms were in Hardy-Weinberg equilibrium (Table S3 ). There was a significant linkage disequilibrium between CYP3A4*1b and CYP3A5*1 and between ABCB1 C3435T and G2677T/A ( Figure S1 and Table S4 ). Polymorphisms in CYP3A4 and CYP3A5 of recipients were associated significantly with tacrolimus pharmacokinetics; polymorphisms in ABCB1 did not have any impact on tacrolimus pharmacokinetics (Table S2) .
Kidney biopsies were performed routinely ("protocol biopsies") at the time of transplantation (before reperfusion) and at 3, 12, 24, and 36 mo. In addition, "indication biopsies" were performed at times of renal allograft dysfunction. A total of 744 biopsies were available, after exclusion of five biopsies with insufficient tissue: 179 indication biopsies (159 within the first 3 mo and 20 after 3 mo) and 565 protocol biopsies (Tables S5  and S6 ). Nine protocol biopsies were excluded from the analyses because the immunosuppressive regimen was changed before the biopsy, leaving 556 protocol biopsies in the analyses.
Implantation Biopsies.
Fifty-four percent (98 of 179) of patients received a kidney of pristine condition (absence of interstitial fibrosis/tubular atrophy [IF/TA grade 0], absence of vascular intimal thickening, absence of arteriolar hyalinosis, and absence of glomerulosclerosis), assessed in biopsies performed at implantation or within the first 2 wk after transplantation in case no implantation biopsy was available. Donor age was the only risk factor independently associated with IF/TA (odds ratio [OR] 1.10 [1.05 to 1.14] per year, P Ͻ 0.001), glomerulosclerosis (OR 1.08 [1.04 to 1.11] per year, P Ͻ 0.001), and arteriolar hyalinosis (OR 1.04 [1.0 to 1.07] per year, P Ͻ 0.05) in implantation biopsies. Cold ischemia time was not associated with the histologic appearance of the kidneys at the time of transplantation nor with acute tubular necrosis (Table S7 ). Seventy-six implantation biopsies had frozen tissue stored for C4d staining; none of them showed C4d positivity at the peritubular capillaries.
Acute Histologic Changes after Transplantation.
Indication biopsies were performed mainly within the first 3 mo after transplantation (159 of 179; 88.8%) and showed acute cellular rejection in 37.1% (59 of 159) of cases, representing 20.2% (51 of 252) of patients. Forty percent of late (after 3 mo) indication biopsies (8 of 20) had acute cellular rejection. The prevalence of subclinical acute rejection in protocol biopsies was highest at 3 mo (17 of 207; 8.21%) and decreased significantly by time after transplantation ( Table 1 ). Acute antibodymediated rejection (grade 1 to 3) was seen in 44 of 179 (24.6%) of the indication biopsies (24 of 252 patients [9.5%] had antibody-mediated rejection within the first 3 mo after transplantation) and in 18 of 423 (4.26%) of posttransplant protocol biopsies ( Table 1 ). In protocol biopsies, there was no change in the prevalence of acute antibody-mediated rejection over time after transplantation (Table 1 ). Due to the low number of patients who developed light microscopic transplant glomerulopathy in the current study (14 of 735 posttransplant biopsies; 1.90%) and because none of these biopsies had C4d positivity in peritubular capillaries, chronic antibody-mediated rejection was not detected (Table 1 ). There was a significant association between acute cellular rejection and acute antibody-mediated rejection, both in indication biopsies and in 3-mo protocol biopsies: 24 of 67 (35.8%) of indication biopsies with acute cellular rejection also had antibody-mediated rejection, versus 20 of 112 (17.9%) of acute-cellular-rejection-free biopsies, P ϭ 0.007; 3 of 17 (17.7%) 3-mo protocol biopsies with acute rejection had antibody-mediated rejection versus 7 of 190 (3.68%) 3-mo acute-cellular-rejection-free protocol biopsies, P ϭ 0.039.
Both in indication biopsies (graft dysfunction) and in protocol biopsies (stable graft function), acute T cell-mediated cellular rejection was associated with a higher number of HLA-DR mismatches (OR 4.48 [2.35 to 8.55] , P Ͻ 0.001, and OR 4.08 [1.61 to 10.3], P ϭ 0.003, for indication and protocol biopsies, respectively) (Tables S8 and S9 ). Acute antibody-mediated rejection in indication biopsies was associated with prior transplantation (OR 5.52 [2.19 to 14.1] . P Ͻ 0.001) and with the use of a live donor kidney (OR 6.41 [1.88 to 21.7] . P ϭ 0.003) (Table S10 ). In protocol biopsies, the same association between antibody-mediated rejection and prior transplantation was observed (OR 6.67 [1.76 to 25.6] . P ϭ 0.005) (Table  S11) In addition, eight patients developed polyomavirus-associated nephropathy (PVAN) after transplantation; six patients with PVAN were treated with cidofovir. One of these grafts with PVAN was lost during follow-up. Seven patients developed focal sclerosis lesions (two of them recurrent original disease). Four other patients developed glomerular disease of the transplanted kidney: three recurrent disease (one patient light chain deposit disease and two patients IgA nephropathy) and one de novo membranous type glomerulonephritis.
Posttransplantation Evolution of Chronic Histologic Damage.
In the first 3 yr after transplantation, a gradual increase in chronic histologic damage of renal allografts was observed ( Figure 1A and Table 1 ). Higher donor age was an independent risk factor for higher grades of IF/TA in posttransplant protocol biopsies (n ϭ 423) (OR 3.3 [1.1 to 7.6], P ϭ 0.03, and OR 11 [4.0 to 31], P Ͻ 0.001, for 30 to 50 versus Ͻ30 yr and Ͼ50 versus Ͻ30 yr, respectively) ( Figure 1B and Table S12 ). Likewise, higher donor age was associated with new onset or progressive arteriolar hyalinosis. None of the kidneys from donors Ͻ30 yr developed moderate to severe arteriolar hyalinosis ( Figure 1B and Table S13 ). A similar association was found between higher donor age and vascular intimal thickening, glomerulosclerosis, and glomerular capsular fibrosis in posttransplant protocol biopsies ( Figure 1B and Tables S14 through S16). Stroke as the reason of donor death was associated with arteriolar hyalinosis, IF/TA, vascular intimal thickening, and global glomerulosclerosis in univariate analysis but was no longer retained in the final multivariate models after backward elimination, due to its dependency on donor age.
The association between the different histologic lesions and single-nucleotide polymorphisms in ABCB1, CYP3A4, and CYP3A5 was assessed in uni-and multivariate analyses (Tables S8 through S16). Both donor and recipient ABCB1 homozygosity for the variant allele T at position 3435 in exon 26 were associated with higher IF/TA grade in univariate analysis but not with other histologic lesions. In multivariate analysis, this association of the ABCB1 genotype with higher IF/TA grade was most prominent when donor and recipient were both homozygous for this common ABCB1 variant: The adjusted OR was 3.9 [2.0 to 7.6] (P Ͻ 0.001) if both donor and recipient were homozygous for the T variant versus no homozygosity for the C3435T polymorphism and OR 3.7 [1.8 to 7.7] (P Ͻ 0.001) for combined homozygosity of the T variant versus mixed homozygous-heterozygous combinations ( Figure 2 and Table  S12 ).
In univariate analysis, both clinical acute rejection in the first 3 mo (20.2% of patients) and subclinical acute rejection at 3 mo (8.2% of patients) after transplantation were associated with higher IF/TA grades in subsequent protocol biopsies (OR 2.1 [1.2 to 3.8], P ϭ 0.01, and OR 4.3 [1.7 to 11], P ϭ 0.002, respectively). These associations of clinical and subclinical re- Table 1 . Histological evolution of protocol biopsies obtained at implantation and at 3, 12, 24, and 36 mo after transplantation 
Acute antibody-mediated rejection grade 1 jection with IF/TA grade were no longer significant after multivariate backward elimination ( Figure S2 and Table S12 ). Acute antibody-mediated rejection was not associated with the histologic lesions in subsequent protocol biopsies (IF/TA, glomerulosclerosis, arteriolar hyalinosis, vascular intimal thickening, and glomerular capsular fibrosis) (Tables S12 through S16). Due to the low prevalence of transplant glomerulopathy in the current study (which did not include electron microscopy data), it was not possible to analyze the previously described association between acute antibody-mediated rejection and this feature of chronic antibody-mediated rejection. Finally, parameters of tacrolimus exposure were neither associated with the chronic histologic appearance of renal allografts nor with an increased risk for clinical or subclinical acute cellular rejection (Tables S8 through S16 ). After inclusion of donor graft quality in the multivariate model for IF/TA, donor age remained significant in the final model, independent of the significant impact of donor graft quality, the combined donor-recipient ABCB1 C3435T status, delayed graft function, and time after transplantation (Table  S17) . Likewise, when the analyses were repeated in the subgroup of patients who received kidneys in pristine condition (n ϭ 98 patients), similar independent effects of donor age and combined donor-recipient ABCB1 polymorphisms were found on the evolution of IF/TA. Also in this group of recipients of pristine kidneys, a significant influence of donor age was found on posttransplant arteriolar hyalinosis, vascular intimal thickening, and glomerulosclerosis (data not shown).
Although CYP3A4 and CYP3A5 polymorphisms significantly impacted on tacrolimus pharmacokinetics (Table S2) , this did not have an effect on rejection incidence or timing, or on histologic or functional evolution. ABCB1 polymorphisms also were not associated with a higher risk for acute rejection.
Immunohistochemistry for P-Glycoprotein.
A positive staining for P-glycoprotein was found in the majority of biopsies at 3 mo after transplantation (n ϭ 64 of 76 biopsies), localized at the apical surface and brush border of both proximal and distal tubular epithelial cells ( Figure 2D ). One biopsy had only weak positive staining of the distal tubular epithelial cells without positivity of the proximal tubular epithelial cells and was regarded as negative. There was neither cytoplasmic staining nor staining in arterial endothelia. Some 3-mo biopsies had a negative stain for P-glycoprotein at the apical membrane of tubular epithelial cells (n ϭ 12 of 76). There was no association between the ABCB1 genotype of the donor or recipient and P-glycoprotein expression at 3 mo after transplantation (Table S18 ). When the multivariate analysis for risk factors of IF/TA was repeated in this subgroup of patients with inclusion of the P-glycoprotein immunohistochemistry results at 3 mo as a covariate (n ϭ 76), absence of apical P-glycoprotein expression in tubular epithelium was associated with higher IF/TA grade (OR 2.7 [1.0 to 7.5], P Ͻ 0.05), independent of donor age and the combined donorrecipient ABCB1 genotype ( Figure S3 and Table S19 ). There was no association between P-glycoprotein staining and spe- Already in the first 3 yr after transplantation, there was a rapid increase in interstitial fibrosis and tubular atrophy, which was present in more than 75% of biopsies performed at 3 yr after transplantation. In addition, there was a significant increase in the prevalence and extent of vascular intimal thickening by time after transplantation, mainly in the first 3 mo after transplantation. The prevalence of tubular microcalcifications increased only in the first 3 mo after transplantation. P values were obtained using Cochran-Mantel-Haenszel statistics.
cific histologic evidence of calcineurin inhibitor nephrotoxicity toxicity like nodular arteriolar hyalinosis. (Table S20 ). The genotype of CYP3A4, CYP3A5, or ABCB1 of the donors and recipients was not associated with 4%) , pure antibody-mediated rejection in 2 of 26 cases (7.69%), and mixed antibody-mediated and acute cellular rejection in 8 of 26 cases (30.8%). Four of these biopsies did not have features of rejection (15.4%). Independent risk factors for worse graft function (lower MDRD glomerular filtration rate) in the first 3 yr after transplantation were higher donor age, female donor, longer duration of cold ischemia, acute T cell-mediated rejection in the first 3 mo after transplantation, and acute antibody-mediated rejection in the first 3 mo after transplantation ( Figure 3 and Table S21 ). Independent risk factors for graft function after the first year were higher donor age, the combined donor-recipient ABCB1 TT status for the polymorphism at position 3435, diabetes mellitus at any time point after transplantation, and delayed graft function in the first week after transplantation. Absence of P-glycoprotein expression by immunohistochemistry on 3-mo biopsies was associated with decreased graft function in univariate analysis (P ϭ 0.03), but this was no longer significant in the multivariate models. The appearance of the graft at implantation (glomerulosclerosis and IF/TA) was associated with graft function (MDRD glomerular filtration rate) up to 3 yr after transplantation. Also the presence of acute tubular necrosis in implantation biopsies correlated significantly with early graft function (up to 14 d after transplantation) but not with graft function at later time points (Table S22 ). The histologic appearance at 3 mo (glomerulosclerosis, IF/TA, and arteriolar hyalinosis) correlated significantly with graft function at all time points in the first 3 yr after transplantation (Table S22) .
Renal Allograft Function and
During follow-up, six patients died and 14 pa- (D) Immunohistochemical staining for P-glycoprotein on frozen sections of renal allograft biopsies at 3 mo after transplantation. Left: Positive staining for P-glycoprotein apically and at the brush border of tubular epithelial cells. Right: Negative staining for P-glycoprotein. Immunohistochemistry for P-glycoprotein was performed on cryostat sections (4-m-thick), which were incubated with the primary monoclonal antibody (JSB-1 MmAb; dilution 1:10; Monosan) for 30 min at room temperature. The second and third step consisted of peroxidase-labeled rabbit anti-mouse and peroxidase-labeled swine anti-rabbit immunoglobulins (both from Dako Belgium N.V., Heverlee, Belgium). There was no association between P-glycoprotein gene expression and ABCB1 genotype (Table S18 ).
tapraid4/asn-asn/asn-asn/asn01109/asn4211-09a royerl S‫52؍‬ 8/31/09 11: (Table S23 ). Antibody-mediated and cellular rejection were the only determinants of early graft survival in our study cohort, next to the number of HLA-DR mismatches and retransplantation, which were shown to be the most important risk factors for both (sub-)clinical acute cellular rejection and acute antibody-mediated rejection (Tables S8 through S11). Higher donor age or ABCB1 polymorphisms were not associated with graft survival up to 3 yr after transplantation (Figure 4 ).
DISCUSSION
This study describes the evolution of renal allograft histology in the first 3 yr years after transplantation and the risk factors for progressive renal allograft injury. Most interestingly, we demonstrate that the effects of higher donor age reach beyond the quality of the graft at implantation and continue to be important for histologic and functional evolution in the posttransplantation period, because higher donor age is associated with increased chronic tubulointerstitial damage independent of renal allograft histology at the time of transplantation. In addition and for the first time, our study provides prospective evidence that function (ABCB1 polymorphisms in both donors and recipients) and tubular epithelial cell expression of P-glycoprotein are important for the individual susceptibility to chronic tubulointerstitial injury of transplanted kidneys and graft function. This association of P-glycoprotein expression and function with chronic histologic damage of renal allografts is not mediated through changes in systemic tacrolimus exposure but likely through local renal accumulation of tacrolimus. Systemic exposure to tacrolimus, when maintained within relatively narrow targets, is not predictive of renal allograft histology. The effects of higher donor age and ABCB1 polymorphisms are reflected in graft functional evolution but not yet in graft survival, which is mainly determined by early acute T cell-and antibody-mediated rejection, in itself related to higher numbers of HLA-DR mismatches and prior transplantation, respectively. Longer-time follow-up is necessary to elucidate whether the observed progression of chronic histologic damage in protocol biopsies associates with late renal allograft loss. Pre-existing structural damage of the donor kidney, which results from normal aging and medical conditions such as arterial hypertension and diabetes, 23 is likely to accelerate secondary chronic injury processes in the transplanted kidney, through ischemic complications of vascular damage, increased hyperfiltration injury, sclerosis of remnant glomeruli, and increased susceptibility to other types of renal injury. 13,24 -26 However, the current longitudinal study demonstrates that the impact of higher donor age reaches beyond the quality of the donor kidney at implantation, because higher donor age remains the most important determinant of the histologic evolution in patients who received a histologically pristine kidney at implantation. This increased susceptibility of older donor kidneys to chronic injury is evident in the tubulointerstitial compartment but also in other renal compartments such as arterioles (arteriolar hyalinosis), small arteries (vascular intimal thickening), and glomeruli (global glomerulosclerosis). In the youngest donor kidneys, the absence of progression of peripheral arteriolar hyalinosis, which is considered a hallmark of calcineurin inhibitor nephrotoxicity, 27 suggests that higher donor age is an important susceptibility (risk) Figure 3 . Determinants of renal allograft function in the first 3 yr after transplantation. Risk factors were selected using mixed-models repeated-measures analysis and backward elimination; P values less than 0.05 were required for inclusion in the final model (Table S21) . n ϭ 244, n ϭ 242, n ϭ 208, n ϭ 173, n ϭ 102, and n ϭ 49 at 1, 3, 6, 12, 24, and 36 mo after transplantation, respectively. Results are given as mean Ϯ SEM. factor for calcineurin inhibitor nephrotoxicity. This increased susceptibility of older kidneys to calcineurin inhibitor nephrotoxicity was suggested previously in patients treated with cyclosporine for other reasons 28 and in an animal study that demonstrated that older animals with preexisting age-related renal dysfunction developed significantly worse nephrotoxicity compared with younger animals. 29 Finally, some indirect evidence is found also in the interaction between kidney age and calcineurin inhibitor cessation on the evolution of renal allograft function, with older donor kidneys having significantly less improvement of graft function after cyclosporine cessation compared with that of younger donor kidneys. 30 Although this is no definite proof, this finding suggests that calcineurin inhibitors induce more irreversible damage to the kidneys from older donors compared with younger donors. At least five coinciding phenomena can be held responsible for the increased susceptibility of older donor kidneys for posttransplantation injury and calcineurin inhibitor nephrotoxic-ity. First, it is expected that the normal aging process persists after organ transplantation and even could be accelerated. 31, 32 Despite sometimes normal structural appearance at implantation, renal cells from older donors will reach their cycling limit sooner than kidneys from younger donors and undergo specific molecular and morphologic changes associated with aging. Second, kidneys from older donors are more susceptible to typical transplantation-related injury such as ischemiareperfusion injury 33 and T cell-mediated rejection episodes. 34 Third, the increased susceptibility of older kidneys to calcineurin inhibitor nephrotoxicity likely relates to age-related changes in renal autoregulation, with excessive vasoconstriction and anatomical changes of the preglomerular vasculature and subsequent ischemia of the glomeruli. [35] [36] [37] It could be expected that the calcineurin-inhibitor-associated alterations in vasodilator and vasoconstrictory responses 38 have more impact when these anatomical lesions and dysfunctions pre-exist. Fourth, senescence of renal tissue likely associates with impaired cellular repair mechanisms, 39 which is particularly unfortunate for allografts from older donors in the context of increased susceptibility to histologic injury. Finally, age-related pre-existing or newly occurring vascular changes and tubulointerstitial damage (with interstitial microvascular injury) likely lead to increased susceptibility to downstream ischemic phenomena and further amplification of the effect of donor age on the histologic evolution of transplanted kidneys.
The current study demonstrates that both low P-glycoprotein expression in renal tubular epithelial cells and the TT variant at the 3435 position in ABCB1, which is associated with altered conformation and function of P-glycoprotein, 40 are associated independently with increased risk for tubulointerstitial damage of renal allografts, without affecting systemic tacrolimus exposure. The mechanisms by which local renal expression of P-glycoprotein is regulated are not yet identified, but in agreement with previous studies 40 we found no association between P-glycoprotein expression and ABCB1 genotype. P-glycoprotein is expressed at the apical side of tubular epithelial cells and is the main protein responsible for the excretion of tacrolimus and cyclosporine, although the renal excretion of these calcineurin inhibitors is only limited. 14, [41] [42] [43] It could be assumed that lower expression and decreased function of P-glycoprotein at the apical side of the proximal tubules leads to intracellular accumulation of tacrolimus and direct toxic effects on tubular cells, as was suggested previously for cyclosporine. 15,18,44 -47 In addition, it could be that decreased expression or altered function of P-glycoprotein plays a role in the apoptotic response to nephrotoxic agents and protects proximal tubular cells against apoptotic stress. 48 Because cyclosporine use is associated with apoptotic mechanisms, 44,49 -51 defective P-glycoprotein activity or decreased expression could increase the direct nephrotoxic effects of calcineurin inhibition. This hypothesis would also be an explanation for the fact that there is an apparent discrepancy between the minor importance of the kidney in tacrolimus pharmacokinetics 41, 42 and the suggested contribution of local renal P-glycoprotein to calcineurin inhibitor nephrotoxicity.
Finally, we demonstrate that the effects of ABCB1 genotype are only evident when both donor and recipient are homozygous for the TT variant. We hypothesize that this is due to the local renal effects of P-glycoprotein function, because we could not demonstrate an effect of the ABCB1 genotype on tacrolimus pharmacokinetics or rejection incidence. The unexpected finding that also recipient polymorphisms impact on local graft injury susceptibility could be explained by the high prevalence of epithelial chimerism after kidney transplantation, with 88% of allografts having tubular epithelial cells in part from recipient origin, 52 consistent with findings in other organs. [53] [54] [55] [56] However, although tubular chimerism was common after kidney transplantation in this study, only a few tubular cells were of recipient origin and a vast majority were donor in origin, 52 although in our study the relative effects of donor and recipient ABCB1 genotype were similar. The reason for this apparent discrepancy is not clear and requires further investigation. It is of note that we could not confirm the previously described association between recipient ABCB1 genotype and acute rejection or delayed graft function in the current larger study. 57 Whether this relates to the type of calcineurin inhibitor used deserves further study.
The current study has several clinical implications. First, although performing implantation biopsies is obviously of great importance for a first assessment of kidney quality, prediction, and even improvement of long-term outcome, 56 they do not completely describe donor graft quality. Inclusion of clinical determinants such as donor age could further improve predictive accuracy. Second, it also should be emphasized that the effect of donor age reaches beyond the quality of the graft at implantation, and higher donor age also is associated with the progression of histologic lesions later after transplantation, independent of the histologic appearance at implantation. This is especially important for lesions such as new onset or progressive arteriolar hyalinosis, which is regarded as a marker of calcineurin inhibitor nephrotoxicity. This increased susceptibility to calcineurin inhibitor nephrotoxicity in older kidneys suggests that a calcineurin-inhibitor-free immunosuppressive protocol could be especially beneficial in kidneys from older donors. Third, parameters of tacrolimus exposure were associated neither with the evolution of chronic histologic damage nor with the risk for clinical or subclinical acute T cell-or antibody-mediated rejection. This does not mean that tacrolimus drug levels are irrelevant or that tacrolimus therapeutic drug monitoring is unnecessary but shows that the small variability in tacrolimus exposure (when maintained within a nar-row target window) is not responsible for the interindividual variability in histologic evolution, at least not with the current immunosuppressive combination of tacrolimus, mycophenolate mofetil, and corticosteroids. Whether the findings are also applicable in patients treated with other immunosuppressive regimens remains to be demonstrated. Especially the type of immunosuppression used and the doses or target levels applied could be very relevant for the histologic evolution of kidney allografts. In this light, it is interesting to note the steep increase in the arteriolar hyalinosis score in the study by Nankivell et al. 4 and the absence of evolution after the first posttransplant year in the current study. Finally, the association of epithelial Pglycoprotein expression and ABCB1 polymorphisms with the early histologic and functional evolution of kidney allografts suggests that screening for these polymorphisms and assessment of tubular epithelial P-glycoprotein expression could provide additional guidance about which patients will likely benefit most from a calcineurin-inhibitor-free or calcineurininhibitor-minimization immunosuppressive regimen.
CONCISE METHODS
Histologic Evaluation
Slides containing 4 to 10 paraffin sections (2 m) were stained with hematoxylin eosin, periodic acid-Schiff, and a silver methenamine staining method (Jones). An immunohistochemical C4d stain (monoclonal antibody, dilution 1:500, Quidel Corporation, Santa Clara, CA) was performed on frozen tissue. All protocol biopsies and indication biopsies included in this study were reviewed by one blinded pathologist (i.e., without knowledge of any clinical information or timing of the biopsy). The severity of histologic lesions (tubulitis, interstitial inflammation, intimal arteritis, glomerulitis, interstitial fibrosis [IF], tubular atrophy [TA], arteriolar hyalinosis, vascular intimal thickening, transplant glomerulopathy, and increase in mesangial matrix) was scored semiquantitatively according to the revised Banff criteria. 21, 22 In addition, the presence of microcalcifications and of pericapsular glomerular fibrosis and the number of sclerosed glomeruli were scored separately. Peritubular capillaritis was scored based on the maximal number of intraluminal leukocytes in a transverse section of a peritubular capillary, with a score from 0 to 3 (0 ϭ no peritubular inflammatory changes; 1 ϭ dilation of the peritubular capillaries with 3 to 4 luminal inflammatory cells; 2 ϭ dilation of the peritubular capillaries with 5 to 10 luminal inflammatory cells; 3 ϭ dilation of the peritubular capillaries with 10 luminal inflammatory cells). Acute antibody-mediated rejection was graded according to the histologic criteria of the revised Banff classification. 21 Because we used a monoclonal antibody for C4d immunohistochemistry, C4d deposition in the peritubular capillaries was scored from 0 to 3 (0 ϭ negative; 1 ϭ Ͻ25%; 2 ϭ 25 to 75%; and 3 ϭ Ͼ75% of peritubular capillaries positive); C4d staining scores 2 and 3 were regarded as focal and diffuse positive, and score 1 was regarded as of unknown significance. 21 Chronic antibody-mediated rejection was diagnosed when C4d score 2 or 3 coincided with transplant glomerulopathy. In addition, frozen sections of 3-mo biopsies of patients with at least 2 yr of tapraid4/asn-asn/asn-asn/asn01109/asn4211-09a royerl S‫52؍‬ 8/31/09 11:05 Art: 2009020192 Input-JHG follow-up were stained with a monoclonal antibody against P-glycoprotein (JSB-1 MmAb; dilution 1:10; Monosan, Sanbio B.V., Uden, The Netherlands). On the same day as the biopsy was performed, polyomavirus PCR was performed on peripheral blood. All biopsies of patients with concomitant polyomavirus viremia were stained with a monoclonal SV40 T Ag antiserum (Oncogene Research Products, Merck Chemicals Ltd., Nottingham, UK).
Tacrolimus Exposure
Tacrolimus pharmacokinetic profiles were obtained using a previously described limited sampling strategy in the first 4 h after dosing, with sampling at 0, 0.5,1, 1.5, 2, 3, and 4 h after dosing. 58 Clinicians were blinded for the results of these extended pharmacokinetic measurements. Tacrolimus dose adjustments were based solely on C 0 levels. Blood concentrations of tacrolimus were determined using the Tacrolimus II MEIA/IMx assay (Abbott Laboratories, Abbott Park, IL).
Pharmacogenetics
Single-nucleotide polymorphisms of ABCB1 (C3435T and G2677T/ A), CYP3A4 (A-290G; CYP3A4*1 versus CYP3A4*1b), and CYP3A5 (G6986A; CYP3A5*1 versus CYP3A5*3) were determined using previously described methods (Table S24 ).
Statistical Analysis
The correlation between time after transplantation and the prevalence of different grades of histologic lesions was analyzed with the Cochran-Mantel-Haenszel statistic. Multiple (ordered) logistic regression analysis with backward selection was used to model the risk factors for the different dichotomous histologic patterns at implantation. To model the risk factors for the different histologic patterns by time after transplantation, the GENMOD procedure with a generalized-estimating-equations approach was used; final models were constructed after backward elimination. For assessing the clinical determinants of the time-dependent evolution of graft function and tacrolimus pharmacokinetics, mixed-models repeated-measures analysis was used. Correlations between continuous variables were assessed by Pearson correlation; with ordinal variables Spearman correlations were calculated. Odds ratios are presented with a 95% confidence interval. All P values are two-sided, and those Ͻ0.05 are considered to indicate statistical significance. Data analysis was performed using SAS software (SAS version 9.1; SAS Institute, Cary, NC).
